For surge control in compression systems, a suitable combination of actuators and sensors must be selected. The goal is to identify the combinations for which there exists a controller that locally stabilizes the linearized compression system model and meets additional control objectives. The latter are quantified in terms of a bound on an H ∞ -norm. With this, we aim to stay close to the nominal operating point in the face of disturbances, noise, and actuator limitations. The considered selection method is more rigorous than previously found in literature, in the sense that multivariable, dynamic output-feedback is the focus and that different performance specifications are handled simultaneously. Though the method was originally developed for linear systems, it can be used for the nonlinear compression system model, by linearizing the model on a grid of nominal operating points. Among the proposed actuators and sensors, the close-coupled valve and mass flow sensor are identified as the most promising. The results are sustained by the physics of the problem.
Nomenclature (see also 
Introduction
Compressors are widely used, e.g., to compress air in jet engines. Towards small mass flow, the operating envelope of compressors is hampered by rotating stall and surge. Surge is characterized by large amplitude fluctuations of pressure and mass flow and results in a limit cycle oscillation.
The aerodynamic flow instabilities may lead to hazardous conditions, due to large mechanical and thermal loads and loss of thrust. From efficiency and, especially, safety points of view, it is desirable to enlarge the region in which stable compressor operation is possible. Among the various ways to achieve this, active control is a recent and promising option. Surveys of rotating stall and surge control can be found in [1] [2] [3] . This paper will focus on suppression of surge in the face of disturbances, actuator limitations, and noisy measurements.
To act on a system (plant) and to acquire information on the system's behavior, suitable variables manipulated by the controller (plant inputs or actuators) and suitable variables supplied to the controller (plant outputs or sensors) have to be selected. This process is called Input/Output (IO) selection. A particular combination of inputs and outputs is called an IO set. IO selection amounts to selecting an appropriate number, place, and type of actuators and sensors. Sensible IO selection is crucial, because the IO set affects the achievable performance and expenses of hardware, implementation, operation, and maintenance. A review of IO selection methods, also related to flight propulsion, is given in [4] . Here, the IO selection method proposed in [5] is employed. It identifies the IO set(s) for which there exists a stabilizing controller achieving H ∞ performance specifications. For the considered compression system of a Garrett GT45 turbocharger, three candidate actuators and four sensors are proposed which are also among those examined in [6] .
All results in the present paper are based on a model of the compression system.
The main contribution of this paper is to perform IO selection for the surge control problem more rigorously than previously done in the literature. I), selection of both inputs and outputs among various candidates is addressed. II), performance can be handled in a general way, e.g., by simultaneously considering disturbances, sensor noise, and limitations on mass flow, pressure, and control inputs. III), the controller is of the dynamic output-feedback type, for which the performance requirements may be more easily met than for a more restrictive controller type.
In [7] , only I) placement of an air bleeding actuator is considered, based on II) minimizing the bleed flow, using III) a static state-feedback controller. In [6] , only I) 1 × 1 IO sets are examined, based on II) their ability to increase the operating range for which stabilization can be achieved, using III) a static output-feedback controller. To some extent, the effect of limited bandwidth and gain constraints on the ability to stabilize the system is also investigated in [6] , as well as the prospects for static state-feedback with single actuators under disturbances. In [6, 7] and here, the nonlinearity of the compression system is only indirectly dealt with by considering linearizations in various nominal operating points. The IO selection method from [5] is developed for linear systems and H ∞ performance specifications, but it is shown that it can cope quite well with nonlinear systems and more general performance specifications. It is also investigated which candidate inputs and outputs are preferred under different operating conditions and the results are given a physical interpretation. The IO selection results help to decide on the actuators and sensors to be used for an experimental gas turbine rig in the Energy Technology Laboratory of Eindhoven University of Technology. Various concepts for active surge control are experimentally verified with this rig, but this will be reported elsewhere.
This paper is organized as follows. In Section 2, the basic ideas of the IO selection method are summarized. Section 3 then sketches the control problem and proposes the candidate actuators and sensors, while Section 4 quantifies the control objectives. In Section 5, optimal controllers are designed to obtain insight into the importance of each actuator and sensor. Section 6 provides the IO selection results and shows simulations for two promising IO sets. Finally, Section 7 draws the main conclusions. For more details on the IO selection method and the application to the compression system, see [8, 9] .
The IO selection method
The model of the compression system to be considered is nonlinear, but the IO selection method from [5] is essentially developed for linear systems. Therefore, the IO selection method will first be explained for linear systems and later it will be discussed how it can be used for nonlinear Consider a finite-dimensional, linear, and time-invariant control system in the set-up of Fig. 1 .
Four sets of variables play a role: the measured variables (outputs) y, the manipulated variables (inputs) u, the exogenous variables w (like references, disturbances, and noise), and the controlled variables z that should be small (like regulation and tracking errors). Suitable u and y are to be determined by IO selection. The notation f⋅g distinguishes the physical exogenous and controlled variables related toḠ from the design variables related to G. The set-up in Fig. 1 does not explicitly account for model uncertainties, because Nominal Performance (NP) is the focus here.
Many NP problems can be formulated qualitatively as keeping the controlled variablesz acceptably small for a class of exogenous variablesw. Assume that such a problem can be quantified as keeping a particular norm ("amplification measure") of the closed-loop system smaller than a desired value. The H ∞ -norm is the focus here. This norm naturally arises when shaping the magnitude of certain closed-loop transfer functions, when minimizing the worst-case response/energy/power ofz for sinusoidal/energy-bounded/power-boundedw, or when uncer-tainties have to be characterized. For a stable system T(s), the H ∞ -norm is defined as: 3 The compressor control problem
The compression system with candidate actuators u and sensors y.
A model of a high-speed, single-stage, radial compressor in a turbocharger is considered. This turbocharger (Garrett GT45) is part of a gas turbine installation (see [13] ). The model is schematized in Fig. 2 and the main parameters are listed in Table 1 . In the employed Greitzer lumped parameter model [14] , the compressor is replaced by an actuator disk, i.e., a plane accounting for the pressure rise. The compressor duct is represented by a constant area pipe that accounts for the fluid dynamics. The flow in this duct is assumed to be one-dimensional and incompressible.
The pressurized fluid is discharged into a large plenum. Finally, the fluid is delivered to a process requiring a certain pressure and/or mass flow, represented by a throttle in the exit duct across which the pressure drops. The inertia effects in this relatively short duct are neglected.
The state of a compression system is in general determined by four dimensionless variables: the compressor mass flow, the plenum pressure rise, the rotor speed, and the temperature (or a related variable, like the efficiency). The last variable is usually not needed to characterize the surge region. The compressor mass flow and plenum pressure rise are made dimensionless as follows:
In steady-state, and x 2 (ω c ), for a given constant speed ω c :
with
In the sequel, the dependence on ω c is skipped from the notation, since only one speed at a time will be considered. This is also the reason why a model including the speed dynamics [15] is not used. The five speeds in Fig. 3 are used. For fixed ω c , the compressor characteristic is approximated by a third order polynomial in x 1 (see Fig. 4 ):
The parameters Ψ c 0 , H, and F depend on ω c and they are determined from data for the experi-
Figure 4: Impression of the compressor characteristic (6) and throttle characteristic (7) . mental rig [9, Appendix C]. For x 2 ≥ 0, the throttle characteristic is modeled as (see Fig. 4 ):
The 80, 000 [rad/s], which is close to the highest speed for which reliable experimental data is available, also in the surge area.
Based on the conclusions in [6] , it is expected that the control goal (formulated below) is more difficult to achieve at high speeds. This will be verified in Sections 5.1 and 6.
The stability of an equilibrium (x 1 0 , x 2 0 ) can be investigated by linearizing (3) 
For The NP control goal is to guarantee stable compressor operation under exogenous disturbances and actuator limitations, locally around nominal operating points (x 1 0 , x 2 0 ). This is particularly important for unstable linearizations. To make it possible to impose that the state trajectory should remain close to (x 1 0 , x 2 0 ),z 1 andz 2 represent the deviations of x 1 and x 2 from x 1 0 and x 2 0 .
The inputs u to be proposed are limited and also included inz. The following disturbances are considered: inlet pressure disturbancesw 1 (caused by disturbances in upstream processes, e.g., due to aircleaner effects), outlet flow disturbancew 2 (caused by downstream processes, e.g., due to pressure pulsations caused by a combustion chamber), compressor pressure disturbancē w 3 (e.g., due to local unsteady flow in the rotor or diffuser). Finally,w includes sensor noise corresponding to the outputs y to be proposed.
To manipulate and measure system behavior, the control system should include actuators and sensors. With one properly chosen actuator and sensor, the first IO selection condition can be fulfilled [8, Section 3.4], i.e., for all nominal operating points local stabilization can be guaranteed with a 1× 1 IO set. In practice, however, stabilization must be achieved in the face of disturbances, noise, and actuator limitations and this may not be possible with a 1 × 1 IO set. The candidate actuators and sensors in Fig. 2 are also among those examined in [6] .
The three (dimensionless) candidate inputs are: close-coupled valve parameter u 1 , bleed valve parameter u 2 , and movable wall velocity u 3 . Fast valves are considered. Input u 2 could be interpreted as the available flow-through area while u 1 , owing to an input transformation [9, Appendix C] to obtain the input affine model (9) , is proportional to pressure loss. It is difficult to compare the relative merits of actuators with 1% pressure or 1% bleed loss in steady-state. By increasing the losses, the actuator constraints become less tight and the system may be easier to control. The movable wall has negligible steady-state losses and is better in this respect. One way to achieve zero steady-state losses with a close-coupled valve or a bleed valve is to use one-sided control. This is demonstrated for a bleed valve in [17] .
With For x 2 ≥ 0, the nonlinear compression system model including all relevant variables is now given by (for details, see [9, Appendix C]):
In the remainder, the main focus is on linearizations of this model. Unless explicitly noted, x,w, w,z, z, u, and y are used to represent the corresponding variables of the linearization.
H ∞ performance specifications
The control objectives are quantified via the design filters V and W (Section 4.1). Some design parameters are determined by simulations of the nonlinear plant that is controlled by linear controllers using the full IO set (Section 4.2).
Design filters
The computational effort for checking an IO set is affected by the order of G. To limit this effort, the diagonal entries in V and W are restricted to low-order transfer functions. This is justified if the control objectives can be represented accurately enough, as assumed here. The Helmholtz frequency is:
It is the natural frequency of the oscillations of the gas in the compressor duct and the plenum, in the absence of the compressor and throttle. It is used for time-scaling:t = t ω H . In the frequency domain, the dimensionless frequencyω = ω/ ω H comes into play, with ω in [rad/s].
The shaping filters forw 1 ,w 2 , andw 3 are specified as follows: 
The denominators make the mass flow and pressures dimensionless, as in (2).
The weighting filters for the compressor mass flowz 1 = x 1 and the plenum pressure risez 2 = x 2 ("x-weights") are chosen constant:
The denominators scale the relative magnitudes of the controlled variables, which serves a better 
High-frequency inputs cannot be realized, since the bandwidths of the valves are limited. A value ofω 0 = 10 6 is large enough for 
Design parameters
The NP control goal is stabilization in the face of disturbances, noise, and actuator limitations.
The latter involves bounds on the L ∞ signal norm (i.e., the supremum of the absolute value over time) of u and of The closed-loop behavior is evaluated as follows. Starting from a specified nominal operating point (x 1 0 , x 2 0 ), the following three disturbances are applied:
witht e the dimensionless end time of the simulation and ∆t = 2 the dimensionless time between the disturbances. The latter is chosen such thatw 1 (w 2 ) is negligible oncew 2 (w 3 ) occurs. Recall thatw 3 is related to the rotor speed and is much faster thanw 1 andw 2 :ω 1 =ω 2 = 4.11, while, for ω c 3 ,ω 3 = 3.29 10 3 . In (19)- (21), ± indicates the direction of the disturbances: either the case withw 1,2,3 all having positive sign or the case withw 1,2,3 all having negative sign is simulated.
Note thatw 1,2,3 belong to the class described by V 1,2,3 , but they may not be representative for the disturbances occurring in practice. Sensor noise and input saturation are not simulated.
The following iterative strategy is used to find suitable ρ-parameters. To start with, the ρ- closed-loop response: linear (-) and nonlinear system (--).
by the controllers obtained for the same ρ-parameters are stable and that x returns to the nominal operating point.
The ρ-parameters determined for the full IO set will also be used for the other IO sets, both for the H ∞ optimizations in Section 5 and for the IO selection in Section 6. The results for the other IO sets may not be optimal then: iterative H ∞ optimizations and simulations for each IO set individually may give other ρ-parameters and better responses. The reason to, nevertheless, use the same ρ-parameters is twofold. First, it would be burdensome to perform the iteration for each candidate IO set. Second, to compare the IO sets based on the best achievable H ∞ -norms (not on the best achievable responses) the design filters must be the same. They must thus be representative for all IO sets, which is only guaranteed for control problems that exactly fit into the H ∞ -norm setting, since V and W are then straightforwardly and unambiguously derived from specifications in the frequency domain. This is not the case here and the control objectives are only approximately quantified.
H ∞ optimization for typical IO sets
To investigate the best achievable NP levels, H ∞ optimizations are performed. The design filters V and W from Section 4 are used. Section 5.1 is devoted to the full IO set, while Section 5.2 compares some typical IO sets. where the linearization is unstable. Achieving NP is thus more difficult for higher speeds, at least for the full IO set and in the unstable mass flow range. More generally, it was observed that in this range achieving NP is more difficult for a larger value of B in (5), e.g., due to a larger ω c . This is in line with the observation in [6] that, for static output-feedback, stabilization under bandwidth and gain limitations is more difficult for larger B. By considering IO sets with all four sensors and one actuator on the one hand and IO sets with all three actuators and one sensor on the other, insight can be obtained into the importance of each candidate actuator and sensor. Therefore, for the nine typical IO sets in Table 2 the optimal kMk ∞ values are computed and compared in Fig. 8 The actuator preference is studied via the optimal kMk ∞ with IO sets 2-4, see Fig. 8 . The closecoupled valve u 1 is the best actuator, which is also found in [6] . There it is stated that actuators close to the compressor are the most effective (an air injector in the compressor duct would also be promising). This is made plausible by studying the two eigenvalues and eigenvectors ofḠ.
Influence of operating conditions

Comparison of typical IO sets
For small mass flows and speed ω c 3 , the eigenvector corresponding to the largest unstable real pole λ 1 (see Fig. 5 ) almost entirely points into the direction of x 1 , whereas for the eigenvector corresponding to λ 2 the contributions into direction x 1 and x 2 are about the same. For stabilization, actuators directly acting upon the fast "compressor dynamics" (u 1 , see (9) ) are thus preferred to those directly acting upon the much slower "plenum dynamics" (u 2 and u 3 ). Section 6 will show that other speeds may lead to different conclusions. The movable wall u 3 is the second best actuator and the bleed valve u 2 is worst. This is due to the large plenum volume V p and small allowable magnitude of u 2 . For a smaller V p , kMk ∞ with u 2 and u 3 decreases, whereas kMk ∞ with u 1 remains almost unaffected. The influence of the u-weights on the achievable NP level is studied for IO sets 2-4. These weights account for the limited actuator bandwidths (viaω 4 ,ω 5 , andω 6 ) and the maximum input magnitudes (via u 1 0 , u 2 0 , and u 3 max,1 ). The movable wall's maximum displacement u 3 max,2 is not considered and the weight is set to zero: ρ 5 2 = 0. The original design parameters are multiplied by a factor logarithmically spaced between 0.1 and 10. For the close-coupled valve this factor must be larger than 1 1.72 = 0.58, because the valve must be between fully open (u 1 0 = 1) and fully closed (u 1 0 = ∞). Only one parameter at a time is varied and the optimal kMk ∞ values are computed (all for x 1 0 = F and ω c 3 ). In line with physical insight, Fig. 9 shows that kMk ∞ decreases for increasing bandwidths and input magnitudes. Variation of the magnitude has a larger effect than variation of the bandwidth. In all cases, the bleed valve u 2 is worst. The effect of actuator bandwidth was also studied in [6] , leading to the conclusion that it strongly affects the possibilities for surge control by static output-feedback. Clearly, the achievable NP level (and hence the IO selection results) may be strongly affected by the design parameters. On the one hand, the specifications must thus be accurately represented by the design filters to avoid erroneous results. On the other hand, if particular specifications are not final or fixed, they could be modified until the desired H ∞ -norm is achieved, while keeping the other specifications fixed. In this way, the engineer could decide on properties like actuator bandwidth and sensor noise levels by manipulating the appropriate parameters in V and W. Table 2 (speed ω c 3 ): full IO set 1 (-), IO set 5 with y 1 (⋅⋅), IO set 6 with y 2 (--), IO set 7 with y 3 (−⋅), IO set 8 with y 4 ( * ). Open-loop norms kGk ∞ for the empty IO set including the close-coupled valve (o).
The sensor preference is studied via the optimal kMk ∞ with IO sets 5-8, see Fig. 10 . The mass flow sensor y 1 and the static compressor face pressure sensor y 4 are the best. The total compressor face pressure sensor y 3 is only slightly worse in the small mass flow range, whereas the plenum pressure rise sensor y 2 is clearly the worst. In [6] , it was also found that y 1 , y 3 , and y 4 are better than y 2 . There it is stated that sensors in the compressor duct (especially y 1 ) are the most promising, but that conclusion is based on static output-feedback without y-noise. For the dynamic outputfeedback considered here, it appears (no results depicted) that the optimal H ∞ -norms with IO sets 5-8 become the same and equal to kMk ∞ for the full output set if the y-noise is reduced. This is explained as follows. 
IO selection results
In Section 5.2, a subset of all candidate IO sets was subject to optimal controller design (min K kMk ∞ ). In this section, the H ∞ controller existence conditions are used to identify which IO sets among all candidates are viable, i.e., for which IO sets there exists a stabilizing controller achieving kM ∞ k < γ . This is done according to the IO selection procedure discussed in Section 2. To examine which of the IO sets are accepted for γ = 2 and all five speeds ω c 1 , : : : , ω c 5 , in each of the three steps of IO selection the five speeds are investigated in succession: starting with ω c 1 , accepted candidates are checked for speed ω c 2 , and so on. The 28 accepted IO sets all employ both the close-coupled valve u 1 and the movable wall u 3 and at least one of the sensors y 1 , y 3 , or y 4 . These are the same IO sets as accepted for γ = 1 and ω c 3 . IO sets u 1 u 3 /y 1 , u 1 u 3 /y 3 , and u 1 u 3 /y 4 are the smallest accepted candidates. Note that the IO sets accepted for γ = 2 and all five speeds use at least two actuators. To find out which IO sets with one actuator are most promising, IO selection for all speeds is performed for a relaxed NP level γ = 3. The only viable 1 × 1 IO set is u 1 /y 1 .
Conclusions
For active surge control, IO selection was performed for a nonlinear compression system model with a Garrett GT45 turbocharger. The close-coupled valve u 1 and movable wall u 3 combined with the compressor mass flow sensor y 1 yields the best, smallest (2 × 1) IO set. Pressure sensors y 3 and y 4 may be substituted for a small decrease in performance, being more cost-effective. This conclusion may be tied to the particular plant and performance specifications. Among the 1 × 1 IO sets, u 1 /y 1 is the most promising, as also concluded in [6] . For most IO sets, good performance is more difficult to achieve for higher rotor speeds or, more generally, for a larger B-parameter.
This does not hold for IO sets based on the close-coupled valve u 1 , due to the plenum dynamics (which is not directly affected by u 1 ) becoming relatively more difficult to control for lower speeds. This conclusion may be tied to the choice of working-point-dependent weights.
Though the IO selection method was originally developed for linear systems, it appeared to be useful for the nonlinear compression system as well. Based on linearizations for a grid of nominal operating points (equilibria), the local viability of IO sets is assessed. Their global viability remains undecided. To assess this, additional studies (simulations, computing the attraction regions) must be performed after IO selection.
To quantify the control objectives, the IO selection method employs design filters. These must be chosen properly to obtain useful results, which may be problematic if the performance specifications are not exactly known or not fixed. For the compression system, little information on the disturbances is available and there is some freedom in the choice of the actuator bandwidths and maximum input magnitudes. It was shown that the achievable performance level is sensitive to the actuator specifications. Varying the design parameters that represent actuator and sensor limitations may be useful to obtain insight into the desired instrumentation. The control objectives should also match the H ∞ -norm setting. For the compression system, this does not hold for the inputs that must stay within bounds. To find suitable weights, an iterative procedure of controller design, simulation, and design filter adaptation for the full IO set was used. Though the transformation into the H ∞ -norm setting was only approximate, the IO selection results fit in with the problem's physics.
